Background-Persistently high plasma endothelin-1 (ET-1) levels in diabetic patients have been associated with the development of cardiac fibrosis, which results from the deposition of extracellular matrix and fibroblast recruitment from an as-yet unknown source. The underlying mechanism, however, remains elusive. Here, we hypothesize that ET-1 might contribute to the accumulation of cardiac fibroblasts through an endothelial-to-mesenchymal transition in diabetic hearts. Methods and Results-We induced diabetes mellitus in vascular endothelial cell-specific ET-1 knockout [ET-1 f/f ;Tie2-Cre (ϩ)] mice and their wild-type littermates using the toxin streptozotocin. Gene expression and histological and functional parameters were examined at 8, 24, and 36 weeks after the induction of diabetes mellitus. Diabetes mellitus increased cardiac ET-1 expression in wild-type mice, leading to mitochondrial disruption and myofibril disarray through the generation of superoxide. Diabetic mice also showed impairment of cardiac microvascularization and a decrease in cardiac vascular endothelial growth factor expression. ET-1 further promotes cardiac fibrosis and heart failure through the accumulation of fibroblasts via endothelial-to-mesenchymal transition. All of these features were abolished in ET-1 f/f ;Tie2-Cre (ϩ) hearts. Targeted ET-1 gene silencing by small interfering RNA in cultured human endothelial cells ameliorated high glucose-induced phenotypic transition and acquisition of a fibroblast marker through the inhibition of transforming growth factor-␤ signaling activation and preservation of the endothelial cell-to-cell contact regulator VE-cadherin. Conclusions-These results provide new insights suggesting that diabetes mellitus-induced cardiac fibrosis is associated with the emergence of fibroblasts from endothelial cells and that this endothelial-to-mesenchymal transition process is stimulated by ET-1. Targeting endothelial cell-derived ET-1 might be beneficial in the prevention of diabetic cardiomyopathy. (Circulation. 2010;121:2407-2418.)
D
iabetes mellitus can affect cardiac structure and function, and this may lead to heart failure in the absence of coronary atherosclerosis and hypertension. However, despite the importance of this clinical entity, the multifactorial nature of the disease remains incompletely understood. Three decades have passed since Rubler et al 1 first described patients with diabetic cardiomyopathy, and to date, a number of epidemiological, clinical, and experimental studies have confirmed the existence of this unique cardiomyopathy. 2, 3 Several mechanisms are considered to be important in the development of cardiac structural and ultrastructural changes, with hyperglycemia and altered cardiac metabolism being proposed as central to the pathophysiology of this disorder. 4 Given the increased risk of heart failure and cardiovascular events in diabetic patients, a better understanding of the underlying mechanisms and additional therapeutic strategies would be of considerable value.
proliferative and mitogenic properties. Twenty years of efforts in translating endothelin research into clinical practice has resulted in the application of ET-1 receptor antagonist as one of the first-line therapies for patients with pulmonary arterial hypertension, 6 and ET-1 blockade is currently also being considered as a potential strategy for the treatment of certain cardiovascular-, metabolic-, and neoplastic-related diseases. 7, 8 Persistently high plasma ET-1 levels in diabetic patients 9 -11 are associated with the development of cardiac fibrosis, which results from excess deposition of extracellular matrix and fibroblast recruitment. Recently, the benefit of endothelin receptor antagonist in attenuating diabetes mellitus-induced myocardial dysfunction in experimental studies was reported. [12] [13] [14] [15] [16] [17] [18] Most of the aforementioned studies demonstrate attenuation of fibrosis, restoration of vascular hyperactivity, and improvement of cardiac function as the important features of ET-1 receptor blockade; however, such pharmacology-based studies are not able to identify the molecular mechanism linking ET-1 to diabetic cardiomyopathy.
Homozygous deletion of ET-1 in mice is a useful approach for investigating ET-1 signaling in embryonic development; however, early postnatal lethality caused by craniofacial abnormalities precludes the use of these mice in exploring the role of ET-1 in adult physiology. 19 Previously, using the Cre-loxP recombinase system, we generated mice with conditional knockout of ET-1 exclusively in endothelial cells (Y.Y.K. and M.Y., submitted manuscript, 2009). These mice have undetectable serum ET-1 levels and are resistant to neointimal formation after blood flow cessation through the attenuation of vascular inflammation. 20 Because ET-1 is produced mainly in endothelial cells, we believe that these mice are suitable for investigating the role of ET-1 in adult physiology and pathophysiology. Accordingly, to investigate the precise role of ET-1 in mediating diabetes mellitusinduced cardiac injury, we developed a type 1 diabetes model in endothelial cell-specific ET-1 knockout mice and made the novel observation that diabetes mellitus-induced cardiac fibrosis is promoted by endothelial cell-derived ET-1 through stimulation of fibroblast accumulation via an endothelial-to-mesenchymal transition (EndMT).
Methods
Further detailed methodology is provided in the online-only Data Supplement.
Development of the Diabetes Model
In this study, we used 12-to 14-week-old heterozygous ET-1 f/f ;Tie2-Cre (ϩ) mice and their wild-type (WT) littermates [ET-1 f/f ;Tie2-Cre (Ϫ)] as controls. 20 A detailed description of how we generated the ET-1 f/f ;Tie2-Cre (ϩ) mice will be published elsewhere (Y.Y.K. and M.Y., submitted manuscript, 2009). Diabetes mellitus was induced by a single intraperitoneal injection of streptozotocin (Wako Chemicals, Japan) 200 mg/kg body weight dissolved in citrate buffer, pH 4.30. Mice with nonfasting glucose levels of Ն250 mg/dL on day 4 after injection were considered diabetic. Blood glucose was measured by One Touch Ultra glucometer (Lifescan, Johnson & Johnson, Milpitas, Calif). The diabetic mice received no insulin treatment. The mortality rate in the first 2 weeks after injection of streptozotocin was Ϸ10% to 15%, regardless of mouse genotype. All mice were given free access to a normal diet and water. Mice were euthanized and evaluated after 8, 24, or 36 weeks of diabetes mellitus. All animal experimental protocols were conducted in accordance with the Guidelines for Animal Experiments at Kobe University Graduate School of Medicine.
Culture of Human Umbilical Vein Endothelial Cells and Human Aortic Endothelial Cells
Human umbilical vein endothelial cells (HUVECs) and human aortic endothelial cells were purchased from Cambrex Bio Science (Walkersville, Md). Cells were cultured in collagen-coated dishes with endothelial cell basal medium (EGM-2; Lonza-Clonetics) in a humidified 5% CO 2 incubator at 37°C and used between the fourth and sixth passages. Cells were treated with 33 mmol/L mannitol and either 5 or 33 mmol/L d-glucose. The medium was changed every 48 hours for 6 consecutive days. Before glucose treatment, the HUVECs and human aortic endothelial cells were transfected with small interfering RNA (siRNA) of ET-1 (EDN1-Stealth RNAi 20 nmol; Invitrogen, Carlsbad, Calif) or a nontarget gene (Stealth RNAi negative control; Invitrogen) using Lipofectamine RNAiMAX reagent (Invitrogen). Optimal knockdown of ET-1 (70% decrease in ET-1 messenger RNA [mRNA]) was obtained by 2-to 4-hour incubation with siRNA. In separate experiments, cells were also treated with 150 nmol/L ET-1 (Calbiochem, San Diego, Calif), 10 ng/mL transforming growth factor (TGF)-␤ (R&D Systems, Minneapolis, Minn), 5 ng/mL TGF-␤ neutralizing antibody (R&D Systems), and 20 mmol/L Akt inhibitor LY294002 (Biomol Research Laboratory, Plymouth Meeting, Pa). Endothelial cell migration capacity was assessed by in vitro scratch assay. Briefly, using 6-well collagen-coated plate, after 6 days of treatment with high glucose, cells were serum starved for 4 hours, scratched by 200 L tips, and then stimulated with 20% FBS-containing EGM-2 medium. At 6, 12, and 24 hours after injury, cells were stained by 0.5% crystal violet and photographed.
Data Analysis
Results are presented as meanϮSEM. Statistical analyses were performed with a paired or unpaired Student t test for direct 2-group comparisons and the Tukey-Kramer test after significant 1-way ANOVA F test for multiple-group comparisons.
Results

Characteristics of Mice With Streptozotocin-Induced Diabetes Mellitus
Injection of streptozotocin induced moderate to severe hyperglycemia in both mouse genotypes [ET-1 f/f ;Tie2-Cre (ϩ) and WT mice], whereas the blood glucose in nondiabetic mice was maintained at a normal level (Table 1) . We found that under baseline nontreatment conditions, ET-1 f/f ;Tie2-Cre (ϩ) mice exhibit slight but significantly lower blood pressure than their WT littermates (110Ϯ1 versus 116Ϯ3 mm Hg for systolic blood pressure, respectively; PϽ0.01), which confirms our previous report. 20 Hyperglycemia did not increase blood pressure in the early stage (8 weeks) of the disease. However, after 24 weeks of diabetes mellitus, we observed an increase in systolic blood pressure, with no significant statistical difference between the 2 genotypes. Diabetes mellitus also reduced the heart rate in both genotypes (Table 1) , although no other abnormalities were observed on ECGs (data not shown).
Diabetes Mellitus Upregulates ET-1 Expression in the Heart
We investigated the effect of diabetes mellitus on cardiac ET-1 expression. Eight weeks of hyperglycemia increased ET-1 mRNA expression by 1.5-fold in the hearts of ET-1 f/f ;Tie2-Cre (Ϫ) mice, thereby exaggerating the differences between these mice and the ET-1 f/f ;Tie2-Cre (ϩ) mice ( Figure 1A ). Immunohistochemistry revealed an enhanced ET-1 signal in the epicardial coronary arterioles of diabetic ET-1 f/f ;Tie2-Cre (Ϫ) mice, which is consistent with the increase in cardiac ET-1 peptide levels measured by ELISA (445.67Ϯ62.48 versus 209.49Ϯ43.53 pg/g heart weight; respectively; Figure 1B and 1C).
Ultrastructural Changes in the Early Stage of Diabetes Mellitus
Electron microscopic observations revealed a significant disruption of mitochondria and myofibril disarray in the hearts of ET-1 f/f ;Tie2-Cre (Ϫ) mice. These abnormalities were not as pronounced in ET-1 f/f ;Tie2-Cre (ϩ) hearts ( Figure 2A and C, left). Because oxidative stress is proposed to be involved in high glucose-induced inhibition of myofibrillar formation 21 and mitochondrial damage, 22 we examined superoxide production by dihydroethidium staining.
Diabetes mellitus increased superoxide production in ET-1 f/f ;Tie2-Cre (Ϫ) hearts, whereas the lack of ET-1 in endothelial cells surprisingly suppressed diabetes mellitus-induced superoxide production, as shown by lower dihydroethidium intensity in ET-1 f/f ;Tie2-Cre (ϩ) mice ( Figure 2B and 2C, right). To confirm this finding, we also performed lucigenin-enhanced chemiluminescence assay (using 10 mol/L per 1 L lucigenin concentration). The result shows that superoxide production in the diabetes ET-1 f/f ;Tie2-Cre (ϩ) heart is increased significantly compared with the nondiabetes heart, but the level is still half that of WT mice (data not shown).
We further attempted to quantify the effect of oxidative stress in causing global cardiac DNA damage and observed slight (but significant) differences in the proportion of nuclei positive for 8-hydroxydeoxyguanosine (8-OHdG), which is higher in diabetes WT hearts compared with ET-1 f/f ;Tie2-Cre (ϩ) hearts ( Figure 2B , left, and 2C, middle). 
Diabetes after 8 wk
Diabetes after 24 wk
SBP indicates systolic blood pressure; MBP, mean blood pressure; DBP, diastolic blood pressure; and HR, heart rate. nϭ8 mice for each group. All results are presented as meanϮSEM. Data for the control (nondiabetic) mice were obtained after 24 weeks. *PϽ0.01 versus ET-1 f/f Cre (Ϫ) control group; †PϽ0.01 versus ET-1 f/f Cre (ϩ) control group. ‡PϭNS versus ET-1 f/f Cre (Ϫ) after 24 weeks of diabetes. To address whether cardiac microvascularization is impaired in diabetic hearts, we examined capillary density by CD31 immunohistochemistry. We observed a significant reduction in microvascularization at both 8 and 24 weeks of diabetes mellitus. However, ET-1 f/f ;Tie2-Cre (ϩ) mice showed a higher number of capillaries than their WT littermates ( Figure 3C and 3D ). In our model, vascular endothelial growth factor (VEGF) mRNA expression was decreased in both genotypes, although the decrease was less pronounced in ET-1 f/f ;Tie2-Cre (ϩ) mice than in ET-1 f/f ;Tie2-Cre (Ϫ) mice ( Figure 3E ). We further found that VEGF mRNA expression levels were positively correlated with capillary density in diabetic hearts ( Figure 3F ).
We also evaluated the expression of profibrotic genes and observed upregulation of TGF-␤ and connective tissue growth factor (CTGF) mRNA expressions in ET-1 f/f ;Tie2-Cre (Ϫ) but not in ET-1 f/f ;Tie2-Cre (ϩ) hearts ( Figure 3G ). Protein expression of TGF-␤ was also confirmed by Western blot ( Figure 3H ). These results suggest that diabetes mellitusinduced cardiac fibrosis is mediated in part by ET-1 through the activation of TGF-␤ and CTGF signaling pathways.
Cardiac Function Is Decreased in Diabetic Mice
We assessed cardiac function sequentially and observed an increase in left ventricular end-diastolic and end-systolic dimensions and a decrease in systolic function starting from 24 weeks of diabetes mellitus (Table 2) 
Fibrotic Areas Consist of ET-1-Producing Cells
We further investigated the precise mechanism that might explain how a lack of ET-1 could attenuate the development of cardiac fibrosis. Fibrosis in diabetic hearts might occur by the accumulation of fibroblasts and collagen or result in a form of replacement fibrosis characterized by necrotic tissue in the very late stage. 23, 24 Our first clues to the underlying mechanism of fibrosis were the marked presence of ET-1 and collagen in fibrotic areas ( Figure 5A ), which led us to speculate that it is ET-1-and collagen-producing cells that form the fibrotic areas. We then attempted to confirm the presence of fibroblasts using fibroblast-associated protein S100A4 (also called FSP1) as a marker for fibroblasts. 25 Immunofluorescence staining showed that S100A4 ϩ cells were present in fibrotic areas and that they were colocalized with staining for ET-1 and collagen-1 ( Figure 5B ).
EndMT as a Source of Fibroblast Accumulation in Diabetic Hearts
We next investigated the source of the fibroblasts observed in the fibrotic areas. We performed double immunofluorescence staining with antibodies to CD31 (as an endothelial cell marker) and S100A4/FSP1 (as a fibroblast marker). We observed colocalization of CD31 and S100A4/FSP1 expression in the endothelium layer of epicardial coronary arterioles in ET-1 f/f ;Tie2-Cre (Ϫ) mice, as well as in the interstitial tissue and microcapillary vessels. Other mesenchymal cells markers, ␣-smooth muscle actin (␣-SMA) and vimentin, were also showing colocalization with CD31 ϩ cells ( Figure 6A ). The double-positive immunofluorescence staining was examined by z-stack image analysis, which confirmed the specific overlay of CD31 ϩ / S100A4 ϩ cells ( Figure 6B ). This suggests that endothelial 
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cells are undergoing phenotypic conversion and are beginning to acquire the fibroblast marker, a process referred to as EndMT. 26, 27 We further observed significantly higher S100A4 ϩ cells and S100A4 ϩ CD31 ϩ cells among total S100A4
ϩ cells in ET-1 f/f ;Tie2-Cre (Ϫ) hearts ( Figure 6C and 6D). S100A4 and collagen 1␣ protein expressions were also upregulated; in contrast, endothelial cell adherent junction VE-cadherin protein was reduced in ET-1 f/f ;Tie2-Cre (Ϫ) hearts ( Figure 6E and 6F ).
Targeted ET-1 Gene Silencing Inhibits High Glucose-Induced EndMT in Cultured Endothelial Cells
To examine the molecular mechanism linking ET-1 to EndMT, we used HUVECs and human aortic endothelial cells for in vitro study and performed siRNA transfection to knockdown ET-1 expression in cultured endothelial cells. 
ET-1-Induced EndMT Is Mediated by Activation of TGF-␤ Signaling in Endothelial Cells
A recent study reported the involvement of TGF-␤ in EndMT and cardiac fibrosis. 26 We evaluated TGF-␤ expression and observed its upregulation after treatment with high glucose or ET-1. Interestingly, knockdown of ET-1 inhibited the stimulation of TGF-␤ by high glucose ( Figure 7C) ; conversely, treatment with TGF-␤ also increased ET-1 expression by almost 3-fold ( Figure 7D ), suggesting reciprocal regulation of ET-1 and TGF-␤ in endothelial cells. Further investigation of TGF-␤ downstream signaling pathways revealed an increase in the phosphorylation state of Smad3 and Akt and stabilization of Snail protein expressions in diabetes ET-1 f/f ;Tie2-Cre (Ϫ) hearts ( Figure 7E and 7F) and in high glucose-treated endothelial cell culture, which are abolished by knockdown of TGF-␤ with neutralizing antibody. Pretreatment with siRNA ET-1 was also effective in inhibiting activation of TGF-␤ and the aforementioned downstream signaling proteins. However, phosphorylation of Smad3 was not affected by the lack of ET-1 ( Figure 7G ). In addition, inhibition of Akt by the Akt inhibitor LY294002 was sufficient to prevent stabilization of Snail transcription factor ( Figure 7H ). We further observed that both knockdown of TGF-␤ and inhibition of Akt also prevented acquisition of mesenchymal markers in high glucose-treated HUVECs ( Figure II in the online-only Data Supplement).
High Glucose-Induced Transitioned Endothelial Cells Are Able to Migrate to Surrounding Tissue
We attempted to confirm whether the transitioned endothelial cells migrated to surrounding tissue as we observed in the diabetic heart. We performed an in vitro scratch assay and discovered that endothelial cells in high glucose-treated HUVECs migrated faster than those in high glucosetreated cells with knockdown of ET-1 ( Figure 8A ). We further observed that cells with faster migration capacity are the transitioned endothelial cells (CD31 ϩ /S100A4 ϩ cells; Figure 8B ).
Discussion
Here, we report the novel insight that diabetes mellitusinduced cardiac fibrosis is associated with the emergence of fibroblasts from endothelial cells and that this EndMT is stimulated in part by endothelial cell-derived ET-1. In the early stage of diabetes mellitus, we documented pathological changes in the heart initiated by the stimulation of cardiac ET-1 expression mainly from endothelial cells, which induces oxidative stress and leads to ultrastructural abnormalities. In the late stage, upregulation of profibrotic gene expression and impairment of cardiac microvascularization by ET-1 contribute to the development of cardiac fibrosis and accelerate the progression to heart failure. All of these features were attenuated in mice lacking ET-1 in vascular endothelial cells. This attenuation is mediated via inhibition of TGF-␤-induced EndMT, which is preceded by the loss of the cell-to-cell contact regulator VE-cadherin.
In normal hearts, ET-1 is produced by endothelial cells, cardiomyocytes, fibroblasts, and vascular smooth muscle cells. 28 The upregulation of cardiac ET-1 expression in diabetes mellitus is consistent with other reports, whereas the unchanged ET-1 expression in ET-1 f/f ;Tie2-Cre (ϩ) hearts suggests that diabetes mellitus stimulates ET-1 release only from endothelial cells. The latter observation may reflect the occurrence of endothelial dysfunction in an early stage of the and Sirius red staining (right). Scale barsϭ100 m. All photographs are taken from the same sample within a 200-m range of the slice (*coronary arterioles). B, Immunofluorescence staining with antibodies to S100A4/FSP1 (green) and actinphalloidin (red) (top). Double immunofluorescence staining with antibodies to ET-1 (red) and S100A4 (green; middle) and antibodies to collagen-1 (red) and S100A4 (green; bottom). Colocalization is shown in yellow. Scale barsϭ100 m.
disease. Although the mechanism by which endothelial cell ET-1 is upregulated by diabetes mellitus remains elusive, a previous study suggests that chronic hyperglycemia may lead to protein kinase C activation, which in turn enhances ET-1 production. 29 High glucose has been reported to inhibit myofibrillar formation and to cause mitochondrial damage through excessive generation of oxidative stress, 21 which is abolished by antioxidant treatment. In the present study, the myofibril disarray and mitochondrial disruption observed in diabetes f/f ;Tie2-Cre (Ϫ) hearts, accompanied by a reduction in VE cadherin and upregulation of S100A4 protein. A, Double immunofluorescence staining of antibodies to CD31 (red) with antibodies to S100A4, vimentin, and ␣-SMA (green) in diabetic hearts. Colocalization of CD31 with S100A4, vimentin, and ␣-SMA expression in coronary arterioles is shown in yellow. Scale barsϭ20 m. B, Representative z-stack image analysis shows specific overlay of double immunostaining. CD31 ϩ /S100A4 ϩ cells in specific ordinate were analyzed in z stack with optimal interval range of 0.8 m. C and D, Quantification of S100A4 ϩ cells, vimentin ϩ cells, and percentage of S100A4 ϩ CD31 ϩ cells in diabetic hearts; nϭ6 to 8 mice for each group; *PϽ0.01 vs ET-1 f/f ;Tie2-Cre (Ϫ). E and F, Western blot analysis shows S100A4, VE-cadherin, and collagen 1␣ protein in hearts normalized with ␤-actin; nϭ4 to 6 mice for each group; *PϽ0.01 vs ET-1 f/f ;Tie2-Cre (Ϫ).
WT hearts were mostly prevented in ET-1 f/f ;Tie2-Cre (ϩ) mice, which may be associated with lower superoxide production in ET-1 f/f ;Tie2-Cre (ϩ) hearts, as we observed by dihydroethidium staining and lucigenin-enhanced chemiluminescence. However, detection of DNA damage by 8-OHdG staining revealed the possibility of various types of reactive oxygen species other than superoxide alone. On the basis of this finding, we can only suggest that paracrine action of endothelial cell-derived ET-1 to cardiomyocytes may contribute to superoxide production, at least in very early stage of diabetes mellitus when endothelial dysfunction is present before pathological changes in cardiomyocytes.
Patients with diabetes mellitus have been shown to have poorer coronary collateral vessels, 30 which are associated with impairment of the angiogenic response to ischemia as a result of a decrease in VEGF expression. 31, 32 This condition has been associated with a worsened prognosis in diabetic patients suffering from myocardial infarction. 33 We observed a significant reduction in capillary density in all diabetic groups. Diabetic ET-1 f/f ;Tie2-Cre (ϩ) mice exhibit a higher capillary density than their WT littermates, which is positively correlated with better preservation of VEGF expression. However, the definite proximate regulators linking ET-1 and VEGF signaling in diabetic hearts have not yet been identified.
In this study, development of cardiac fibrosis was attenuated in mice lacking ET-1 in endothelial cells. Initially, we observed that the upregulation of profibrotic gene expression (TGF-␤ and CTGF) in the hearts of diabetic WT mice is inhibited in ET-1 f/f ;Tie2-Cre (ϩ) mice. These growth factors have previously been reported to be regulated by protein kinase C-␤ 2 in stimulating extracellular matrix accumulation and to induce collagen production from fibroblasts in diabetic hearts. 34 Furthermore, in concordance with our data, treatment with an endothelin receptor antagonist was shown to attenuate the upregulation of TGF-␤ in diabetes experimental studies. 12, 15, 16 Thus, ET-1 may act as an upstream regulator of TGF-␤ and CTGF expression in diabetic hearts.
Our finding relative to the enhanced ET-1 and collagen expressions in fibrotic areas is consistent with a previous study 12 and leads us to speculate that it is ET-1-and collagen-producing cells that form the fibrotic tissue in diabetic hearts. We further observed that these particular cells are endothelial cells that are undergoing phenotypic transition and beginning to acquire fibroblast characteristics, a process referred to as EndMT. EndMT is widely known to be important in embryonic development of the heart because the primary source of mesenchyme in the atrioventricular canal is thought to be the endocardium. 35 Studies using transgenic mice in which the endothelial cell lineage can be traced have confirmed this hypothesis. 36, 37 Recently, Zeisberg et al 26 showed for the first time in adult tissues that endothelial cells can undergo EndMT and that these cells made up 27% to 35% of the total fibroblast pool in pressure overload-induced cardiac fibrosis. Similarly, we observed that Ϸ15% to 20% of fibroblasts coexpressed both the endothelial marker CD31 and the fibroblast marker S100A4/FSP1 in the hearts of diabetic WT mice, whereas CD31 ϩ /S100A4 ϩ cells were rarely detected in the hearts of diabetic ET-1 f/f ;Tie2-Cre (ϩ) mice, suggesting the significant role of endothelial cellderived ET-1 in mediating EndMT. This CD31 ϩ /S100A4 38, 39 Thus, our observations may underestimate the actual number of fibroblasts that are of endothelial origin because in the late stage of diabetes mellitus, most of the EndMT-derived fibroblasts may have migrated into the surrounding tissue and lost their endothelial marker. The origin of such cells can be traced by lineage analysis using endothelial cell reporter gene constructs. Accordingly, this could be considered one of the limitations of the present study.
Although we did not evaluate the exact contribution of proliferating resident mesenchymal cells and circulating bone marrow-derived fibroblasts to cardiac fibrosis, our observations imply that the fibroblasts of endothelial cells origin play a significant role in the development of diabetes mellitusinduced cardiac fibrosis.
In our diabetes mellitus-induced cardiac fibrosis model, ET-1-induced EndMT is preceded by the loss of endothelial cell-to-cell contact, as shown by the decreased VE-cadherin expression. The disaggregated endothelial cells then start to alter their morphology, migrate to surrounding sites, exhibit endothelial marker depression, and acquire mesenchymal characteristics. This cascade of events reveals the importance of the preservation of endothelial cell integrity via the suppression of ET-1, thereby preventing the initiation of diabetes mellitus-induced EndMT.
As for the mechanistic insight, previous studies report the role of ET-1 in mediating the epithelial-to-mesenchymal transitioninduced progression of ovarian cancer 40 and alveolar-epithelialto-mesenchymal transition in idiopathic pulmonary fibrosis 41 and demonstrate the regulation of TGF-␤ and Smad signaling as the downstream signaling pathway by ET-1 in epithelial cells. Our results, which underline the importance of TGF-␤ in EndMT, are consistent with those of other studies; however, to the best of our knowledge, this is the first study to demonstrate the involvement of ET-1 in EndMT-induced fibrosis in diabetic hearts, in part by mediating high glucoseinduced TGF-␤ expression and activation of Akt-Snail signaling, but independently of Smad signaling pathway. For the decrease in phosphorylation of Smad3 protein that is observed in diabetes ET-1 f/f ;Tie2-Cre (ϩ) heart but is not affected by knockdown of ET-1 in high glucose-treated endothelial cells, we speculate that Smad3 transcription factors might be important in reciprocal regulation of ET-1 by TGF-␤ autocrine action in endothelial cells, as previously described by Rodríguez-Pascual et al. 42 The other interesting phenomenon that we observed is that the high glucose-induced transitioned endothelial cells (CD31 ϩ /S100A4 ϩ cells) possess faster migration capacity compared with CD31 ϩ endothelial cells with knockdown of ET-1. This in vitro result may provide a more detailed mechanism of how transitioned endothelial cells contribute to the accumulation of fibroblasts in perivascular areas that we observed in diabetic heart. Thus, we proposed the cascade mechanism of high-glucose ET-1-induced EndMT in Figure  III in the online-only Data Supplement.
In addition, these findings provide evidence to support the supposition that the cause of cardiac microvascularization impairment in our model may extend beyond its relationship to the decrease in VEGF expression. EndMT may contribute significantly to the loss of microvascular endothelial cells, which in turn leads to rarefaction and a reduced capillary density in diabetic hearts. This is in agreement with the hypothesis suggested by Goumans et al. 43 
Conclusions
We report novel findings indicating the involvement of endothelial cell-derived ET-1 in promoting diabetes mellitus-induced cardiac fibrosis through the stimulation of EndMT. We accordingly suggest that targeting endothelial cell-derived ET-1 might be beneficial for preventing diabetic cardiomyopathy.
